Introduction
This article aims at the application to Cosmology of the concepts of the Condensed Matter Physics (CMP) theory of defects, including the Volterra process (VP) for line defects [1] , the topological theory (TT) for quantized defects of any dimensionality (point defects, walls and solitons, configurations) [2, 3] , and the continuous theory (CT) of line defect densities [4, 5] .
The TT is not absent from to-day Cosmology, (cf. Kibble's cosmic strings [6] , reviews in [7, 8] ); the analogies between quantized defects in liquid crystals and cosmic strings have been stressed and have inspired 'cosmology in the laboratory' experiments [9] . However its use has been limited; cosmic strings do not cover all the possible line defects allowed by the full theory. The VP has permitted to recognize cosmic string types not present in Kibble's theory [10, 11, 12] .
The CT has been developped for spacetimes endowed with torsion, see a review of the Einstein-Cartan Theory (ECT) in [13] . In [14] it is shown that a spacetime with curvature and torsion can be considered as a state of a four-dimensional continuum containing defects, in analogy with the CMP continuous theory of [4] . In [15] it is claimed that gravitation stems from a distribution of continuous defects.
But a full use of the TT is new; among other results, it yields a classification of cosmic defects of various dimensions. The line defects (cosmic forms) discovered in conjunction with the VP (all are continuous defects)
suggest new physical features of the spacetime. This is the content of this article.
Let us first give a short reminder of the theory of defects (for a detailed overview see [16] ):
In a Volterra process the basic ingredient is a cut surface Σ drawn in are continuous elements of symmetry, the Volterra defects are continuous.
In both cases there is no singularity left along the lips of the cut surface, after completion of the VP; L is a perfect defect line.
The VP fails if H /
∈ E(3) is a gauge group, e.g. vortex lines in superconductors and superfluids. But there is a unique theoretical frame in which quantized Volterra and gauge line singularities both appear as defects:
Let x ∈ M on which a large group G is acting. The elements of h ∈ G such that h.x = x form a subgroup H ⊂ G, the little group; the set of subgroups g H g −1 which are the little groups of {g.x| g ∈ G} conjugated to H form a conjugacy class [G : H]. The topological defects of M are classified by the non-trivial elements of the homotopy group π 1 (M) of the coset space This topological classification of defects extends to any physical medium with a symmetry group G broken to H. It also extends to defects of any dimensionality, e.g., π 2 (M) classifies point defects. For reviews see [17, 18, 19, 20] .
Cosmic forms are the VP defects (cut hypersurface Σ, 2D world sheet
; L 0 is the orthochronous connected Lorentz group, P (4) the Poincaré group. If g is an angle α ∈ P (4), it would necessarily match for some value to the quantized α resulting from the gauge field theory of cosmic strings. A cylindrically symmetric cosmic string results from a cut-and-glue process performed in the Minkowski spacetime M 4 , much akin to the VP for wedge disclinations in CMP, i.e., disclinations located along the rotation vector Ω. Other types of isometries in P (4) yield other types of defects [11, 12] . In these papers the analysis is developed in the frame of the ECT, which, as demonstrated in [13] , is the local gauge theory of the Poincaré group. However the defect classification is the same as that one gotten from VP's in M 4 . m-and t-forms are described in the literature [11, 12] ; r-forms have never been considered so far. We propose the following physical interpretation. Wigner [21] has demonstrated the equivalence between the unitary irreducible representations of subgroups of L 0 and the elementary particles.
Thereby, the subgroups belonging to the same conjugacy class correspond to a well-defined type of particles. We assign the fourth conjugacy class to an 'amorphous' substance, a vacuum. In the cosmological literature, this vacuum is treated in the frame of the quantum theory of fields (QFT) [22] ;
it is often identified with the cosmological constant or/and the dark matter.
In Sect. 3 we calculate the line elements ds 2 of these three classes, for the wedge forms as well as for the twist forms. 'Wedge' has been defined above in CMP, 'twist' refers to a line orthogonal to the rotation it carries.
This terminology is perfectly acceptable for the m-forms, which are topologically equivalent to CMP disclinations. The analogy goes further: a twist CMP disclination is topologically stabilized by infinitesimal dislocations or disclinations attached to it [5] . The same process occurs for twist forms in spacetime, and more generally for any non-wedge, mixed, segment along a curved m-form; it also occurs for t-and r-forms. In all those cases the singularity of the form is not along the world sheet, but along an hypersurface that surrounds the central world sheet, a world shell.
In Sect. 4 we start from the remark that the elements of symmetry carried by t-and r-forms (in the VP sense) do not belong to the maximally symmetric group that encompasses the space properties of isotropy and homogeneity − thereby they do not obey the narrow cosmological principle (nCP), whereas the m-forms do. But t-and r-forms are compatible with the perfect cosmological principle (pCP) as in [23, 24] , where the embedding spacetime is de Sitter: r-and t-forms are typical defects of a dS 4 vacuum.
Finally we stress that cosmic forms can assemble into networks which can adjust to any curvature, as disclinations do in amorphous solids where they yield zero Euclidean curvature [25] .
2 Forms in a Minkowski spacetime M 4
The classification of cosmic forms
We restrict our discussion to M 4 ; the extension to dS 4 is straightforward.
P (4) is partitioned into four conjugacy classes, yielding four corresponding coset spaces. Michel [18] obtains these classes by considering the action of P (4) on 4-momenta p a , each orbit corresponding to a different norm of p a 2 , each stratum to a set of orbits corresponding respectively to timelike, spacelike, null, and vanishing momenta, Fig. 1 . (3) . The orbit of p a m belongs to a hyperboloid of two sheets. In Fig. 1 , where p 0 > 0, it is the sheet to the future of x. The coset space The corresponding homotopy groups are all trivial
1-Timelike 4-momenta
We are left with continuous Volterra defects, m-dislocations and mdisclinations carrying elements of the full little group of symmetry, translations and rotations included,
2-Spacelike momenta
The little group that leaves a spacelike 4-momentum p a t invariant is [26] . The coset space M t is topologically equivalent to a spacelike hyperboloid of one sheet M t ∼ S 2 × R; thus:
There are Volterra continuous and topologically stable defects, whose dimensionalities in M 4 are: 1 for π 2 (M r ) and 0 for π 3 (M r ); π 4 (M r ) designates possible configurations (in the sense of [3] ). All line defects are continuous.
By definition, they obtain by a VP carrying an element of the full little
3-Null momenta
The little group that leaves p a r invariant is isomorphic to the 2D Euclidean group; H r ∼ E(2) = SO(2) R 2 , the semidirect product of a circle by a plane. The (unique) orbit of p a r , which is also the coset space (2) , is topologically equivalent to the future null cone with apex removed, p a r 2 = 0 M r ∼ S 2 × R. One gets the same homotopy as for M t , namely: By definition, they obtain by a VP carrying an element of the full little whose symmetry group is precisely the little group that leaves p a invariant.
4-Vanishing momenta
Thus the first three conjugacy classes yield three types of crystals, with inhomogeneous symmetry groups P m , P t , and P r 1 . Thereby the topological and Volterra defects of these crystals would be those defined in the previous section. The use of 4-momenta to getting the three types of continuous forms is therefore fully justified.
2− The fourth conjugacy class appears here in a new perspective, not so trivial. The m-, r-and t-forms it embraces could be observed if there is some substance that possesses all the L 0 symmetries, a sort of spacetime amorphous substance. We tentatively identify this substance with a QFT vacuum of a de Sitter spacetime; the de Sitter spacetime is endowed with a positive cosmological constant.
The cosmological principle
It is worth analyzing this 'crystal' classification with regard to the cosmological principle, which states that any two elements belonging to the same spacelike slice are equivalent, at least at some large enough scale. This narrow cosmological principle (nCP) is in contrast with a perfect cosmological principle (pCP) which states that any two events in spacetime are equivalent [23, 24] . Expressed in terms of symmetry groups, a)-nCP states that 
Continuous cosmic forms
We center our discussion on disclinations and their ds 2 in M 4 . Energetic and dynamical properties, the detailed structure of the core, are left aside.
Disclinations being related to the L 0 subgroup, present in all spacetimes, the following results are valid mutatis mutandis for any spacetime. Dislocations play a distinctive role in M 4 , in all processes that involve movement, change of shape, relaxation, etc. of disclinations, somewhat analogously to their role in CMP [5] .
The main concepts related to cosmic forms will be developed for the m-form and will not be detailed again for the t-and the r-forms.
We use the spin representation of the Lorentz group 
General comments about cosmic forms
We summarize the main results that emerge in this section: 
m-cosmic forms

1-The wedge m-form
In the sequel, L is taken along the {e 0 e 3 } plane. We do not consider the (mathematically feasible) situation where the singularity is spacelike, as in [12] , in which case the form is a hypersurface in a 3D space, not a line.
Let p a m be a timelike 4-momentum, invariant about any rotation g ∈ H m ∼ SO(3) that leaves invariant the spacelike manifold P m⊥ orthogonal to p a m . Hence g is a global rotation of P m⊥ about some rotation axis ⊂ P m⊥ ; the 2-plane Ω ≡ {p a m } is a 2-plane of rotation.
To make things simple, take p a m = {p 0 m , 0, 0, 0}; hence P m⊥ ≡ {e 1 e 2 e 3 }.
Any element of H m has the form
represented by the 2×2 hermitian matrix
We also assume a = exp −iα/2, b = 0 (which yields { } = {e 3 }); L ≡ {e 0 e 3 }, the plane of rotation is locally invariant under the action of A m :
{e 3 } is the axis of rotation in the spacelike submanifold P m⊥ , along which direction lies the singularity of the wedge form in P m⊥ ; {e 0 } is the axis of rotation in the timelike submanifold {e 0 e 1 e 2 }.
This wedge m-form is the same as the conical cosmic string of ref.
[ 27, 10, 12, 11] . All the displacements take place in a 3-space orthogonal to p a m ; the analysis of the form in spacetime does not differ from the analysis of a continuous disclination in the habit Euclidean 3-space of an amorphous substance. Since wedge disclinations in space can curve to any shape, similarly m-disclination loops can take any shape; however a full understanding of this property requires the notion of twist disclination, below.
The line element of a straight m-disclination obtains by applying the Volterra process to the spacetime [11] . In the VP the coordinates of a Substituting into the line element for an undeformed M 4 one gets:
The Riemann tensor vanishes everywhere in the spacetime, except on L.
Eq. 5 can also be written:
where the rotation α about the {e 3 } axis is apparent.
There are two types of disclinations: 
2-The twist m-form; its world shell
Consider a m-form whose 2-axis of rotation is {e 0 e 2 }, with the same world sheet L ≡ {e 0 e 3 } as above. L is not invariant, even globally, under the action of the VP. In the 3 space {e 1 e 2 e 3 } the cosmic form is along the {e 3 } axis, and the rotation about the {e 2 } axis, orthogonal to it. We keep the CMP terminology of twist disclination.
When navigating around L, the old coordinates coordinates {X 1 , X 3 } become:
and the line element takes the form:
The singularity is not carried by L but by a timelike world shell S m ≡ {H m = 0}:
The non-vanishing Christoffel symbols, inverse metric components, all behave as H −1 m and thus diverge on S m . There are incomplete geodesics that terminate (or start) on S m . The metric of Eq. 8 being valid in the inner part of S m as well as the outer part, there are such geodesics on both sides of S m . An equivalent property has not been pointed out in CMP.
The appearance of a singular world shell has some mathematical advantages. It is argued in [30] that postulating a Dirac distribution of curvature on a 2D manifold is not a well-posed mathematical problem, but that there is no such trouble for a 3D one.
3-Relation between twist cosmic m-forms and dislocations
Twist disclinations and dislocations are topologically related objects in CMP. This is illustrated Fig. 2a , where a wedge disclination line is kinked 
attached to the kink, see [5] . A twist disclination is nothing else than a set of such kinks, i.e., attached dislocations with a line density Ω × 
Again, it appears a world shell S e ≡ {H e = r − b 2 π sin φ = 0}) along which some Christoffel symbols, inverse metric components, and geodesic We do not investigate the detailed configuration of the attachment and the energy of the core, a topic in itself.
t-cosmic forms
1-The wedge t-form
Consider a VP carrying the Lorentz boost
The spacelike directions invariant under the action of A t can be written 
as in [11, 12] . The Riemann tensor attached to this line element vanishes identically. Tod [11] has shown that this disclination carries singularities (distributional curvature and torsion) in the L plane. Thus we still call it a wedge form.
2-The twist t-form; attached dislocations
Consider a t-form ("disclination 7" in [12] ) with the same L ≡ {e 0 e 3 } as above, whose hyperbolic rotation is in the {e 0 e 2 } plane. L is not invariant in the VP, even globally. In the 3-space {e 1 e 2 e 3 } the cosmic form is along the {e 3 } axis, and the hyperbolic rotation along the {e 2 } axis, orthogonal to {e 3 }. We keep the terminology of twist disclination.
The variation of the boost when navigating around L is:
and the corresponding line element is (notice a correction of sign with respect to [12] ):
The Riemann tensor vanishes identically. In analogy with the m-twist form, the inverse metric and the Christoffel symbols diverge on a hypersurface S t ≡ {H t = 0}:
S t is not time-invariant. In analogy with the twist m-case, this can be cured by a suitable dislocation density attached to the t-form. The relevant dislocations have the line element:
The related singular hypersurface is S ey ≡ {H ey = r − by 2 π cos φ = 0}. The attached dislocation density is db y /dt = .
r-cosmic forms
The general expression for an element A r of H r which leaves locally invariant the null direction k a = {1, 0, 0, 1} ∝ p a r = {p, 0, 0, p} can be written:
, with σ = σ 1 + i σ 2 , [21] . The p a m field is continuous through the cut surface, but not on the world sheet or the world shell. Since p a m does not suffer any singularity on Σ m , the cosmic form is not sensitive to the exact location of the cut surface. These arguments extend to any cosmic form carrying a symmetry element A t or A r .
Discussion
1-additional comments
− the relation between VP defects in dS 4 and M − in all the examples above, the Riemann curvature of an isolated wedge or twist form (before stabilization by attached densities) is vanishing (in M 4 ). We conjecture that this is always the case. This is no longer true in the presence of attached densities.
2-a few conjectural remarks
− As already mentioned, the m-, t-and r-forms obey the perfect cosmological principle (pCP); t-and r-forms are not compatible with the narrow cosmological principle (nCP). The steady state spacetime of ref. [23, 24] , namely dS 4 , is built precisely in order to obey pCP: its positive cosmological constant is usually interpreted as a false vacuum; if so r-and t-forms are forms typical of a false vacuum. They could be met, as well as m-forms, during the process of inflation [29] , as long as the spacetime is dS 4 ; as the decay of the false vacuum proceeds in function of time t, the spacetime takes a generic FRW structure and the r-and t-forms are no longer VP compatible with this structure: they might acquire a status of imperfect forms, or smoothly disappear, due to their continuous character.
− Wedge m-forms are reminiscent of Regge's bones [33] , which carry continuous deficit angles. Bones form a skeleton that approximate spacetime curvature, with Bianchi relations at the joints. Similarly, one recognizes in CMP the existence of disclination networks (skeletons), with Kirchhoff relations at the nodes (joints), but also of conjugated disclination networks, which are believed to be present in amorphous systems [34] : each network is made of disclination segments which carry deficit angles of the same sign (they cannot annihilate mutually), with opposite signs for the two networks.
As a result the curvatures cancel on the average; the amorphous material can thereby live in a flat Euclidean space (as it must), at the expense of internal stresses.
We speculate that cosmic forms gather into networks, with a richer structure than Regge's skeletons since they may incorporate r-and t-forms. Such networks would play a role in the setting up of the space curvature. This curvature almost vanishes at the end of the period of inflation, without the intervention of disclinations according to the present views; this might also happens before inflation or at its beginning, by the nucleation of conjugated networks that could achieve a decrease of the occupied volume hence a decrease of the local energy (at constant false vacuum energy density). Thus, the inflation process would act on a already flat space.
Appendix: r-cosmic forms
Let X a = {X 0 , X 1 , X 2 , X 3 } be an event on the cut hypersurface (not
, with σ = σ 1 + i σ 2 , is:
This also reads:
Uppercase letters X i (resp. lowercase x i ) refer to the situation before (resp. after) the introduction of the disclination in M 4 . We assume in the sequel that the world sheet of the r-disclination is the plane {e 0 e 3 }. A point in the plane {e 1 e 2 } is defined by the coordinates x 1 , x 2 or alternatively r, φ.
When traversing a loop which surrounds the world sheet, the angle φ scans the interval [0, 2 π] whereas Φ scans the interval [0, 2 π − α]. The displacement on the cut hypersurface is the sum of a rotation by an angle α and of a translation of components σ 1 , σ 2 . Writing that the increment of Φ is proportional to φ when the loop is traversed, i.e., ∆φ = φ − Φ = α φ/(2 π), and that the translational component is also proportional to φ 2 π , hence denoting
the Eq. 19 and 20 yield:
The line element dS 2 = −dU dV + dX 2 1 + dX 2 2 of the undeformed spacetime is transformed into the line element ds 2 = −du dv +dx 2 1 +dx 2 2 in the presence of the disclination.
The calculation uses the full Eq. 21 and 22; we assume that the cut hypersurface Σ rα is the hypersurface
According to the discussion in Sect. 3.5 the result does not depend on the cut hypersurface, as long as the environment has the pCP symmetry A r .
The calculation of the line element requires some algebra but gives a rather simple result:
where λ 0 and λ 3 are defined as follows:
and
δµ 1 and δµ 2 are not total differentials.
i)-The case α = 0, σ = 0.
The case σ = 0 brings us back to the uninteresting case of a m-form. In the case α = 0, eq. 26 yields
With these variables, the vanishing of the Riemann tensor is apparent. The search for a possible world sheet or world shell cannot be made with the coordinates λ a , which are Minkowskian pure; we rather use the set of coordinates u, v, r, φ, with which the line element can be written:
where we have used the notation σ = |σ| exp iφ 0 , i.e. σ 1 x 1 + σ 2 x 2 = |σ| r cos(φ − φ 0 ).
One finds that the singularities are carried by the hypersurface S r0 ≡ {H r0 = 0}:
The world shell H r0 is not invariant along the r-form. Again, this can be cured by the addition of attached dislocations. For example, the edge dislocation along the {e 3 } axis with Burgers vector b x = b cos φ 0 , b y = b sin φ 0 ,:
is singular on the hypersurface
Therefore dislocation densities σ = db/du attached to the r-form have the expected behavior.
ii)-The general case α = 0, σ = 0. 
